Genes expressed with day/night rhythms in the mouse liver were searched for by microarray analysis using an in-house array harboring mouse liver cDNAs. The rhythmic expression with a single peak and trough level was confirmed by RNA blot analysis for 3 -Hsd and Gabarapl1 genes exhibiting a peak in the light phase, and Spot14, Hspa8, Hspa5 and Hsp84-1 genes showing a peak in the dark phase. On the other hand, mRNA levels for all three fibrinogen subunits A , B and exhibited two peaks each in the light and dark phase in a synchronized manner. This two-peaked rhythmic pattern of fibrinogen genes, as well as the single peak-trough pattern of other genes, was diminished or almost completely lost in the liver of Clock mutant mice, suggesting that the two-peaked expression is also under the control of oscillation-generating genes. In constant darkness, the first peak of the expression rhythm of fibrinogen genes was almost intact, but the second peak disappeared. Therefore, while the first peak in the subjective day is a component of the innate circadian rhythm, the second peak seems to require light stimuli. Fasting in constant darkness caused shifts of time phases of the circadian rhythms. Protein levels of the fibrinogen subunits in whole blood also exhibited circadian rhythms. In the mouse and human loci of the fibrinogen gene cluster, a number of sequence elements resembling circadian transcription factor-binding sites were found. The fibrinogen gene locus provides a unique system for the study of two-peaked day/night rhythms of gene expression in a synchronized form. These genes seem to show mainly circadian rhythms with a single peak-trough a day, since most of the genes were identified by the algorithms examining the fitness to cosine wave patterns with about 24 h cycles in constant darkness. Here, in the course of cDNA microarray analysis and following RNA blot analysis, we 3 by guest on October 1, 2017 http://www.jbc.org/ Downloaded from by chance found that mRNAs for all three fibrinogen subunits Aα, Bβ and γ exhibit peak levels twice a day under the light-dark condition in the mouse liver.
(Introduction)
In mammals, intracellular oscillation-generators for circadian rhythms reside in various peripheral organs such as liver, as well as in the central pacemaker the suprachiasmatic nucleus (SCN) 1 of the hypothalamus (1, 2) . The SCN and peripheral tissues seem to share common molecular mechanisms for generating the circadian oscillation: the widely accepted mechanism is autoregulatory feedback inhibition of Per and Cry genes by their own protein products in antagonism with the positive transcription factor of the CLOCK-BMAL1
heterodimer (3) (4) (5) (6) (7) (8) .
The time phase of the SCN oscillator is adjusted by light stimuli everyday in the light-dark condition (1, 2) . The SCN then controls or affects the oscillators of peripheral cells in both relatively direct and indirect manners. The liver provides a well-characterized example of these regulations. While oscillation generators of liver cells are under the circadian control of glucocorticoids (9, 10) presumably through the hypothalamus-hypophysis-adrenal axis, time phases of the liver oscillators are more profoundly affected by feeding time (11) (12) (13) : artificial diurnal feeding of nocturnal rodents can completely uncouple the oscillation phase of the liver from that of the SCN. Seemingly, the SCN regulates the liver oscillators indirectly by controlling the sleep-awakeness phase that in turn determines the feeding time under the natural condition.
Recently, hundreds of genes exhibiting circadian oscillation in their mRNA levels have been identified in the rodent liver (14) (15) (16) (17) (18) (19) by comprehensive gene expression analysis including the microarray analysis, showing that a number of liver functions are under the circadian control at the gene expression level.
These genes seem to show mainly circadian rhythms with a single peak-trough a day, since most of the genes were identified by the algorithms examining the fitness to cosine wave patterns with about 24 h cycles in constant darkness. Here, in the course of cDNA microarray analysis and following RNA blot analysis, we by chance found that mRNAs for all three fibrinogen subunits Aα, Bβ and γ exhibit peak levels twice a day under the light-dark condition in the mouse liver.
Fibrinogen, a major component of blood coagulation, in the blood plasma has the subunit composition of (Aα) 2 (Bβ) 2 γ 2 , from which amino terminal peptides A and B are proteolytically removed by thrombin, yielding fibrin with the α 2 β 2 γ 2 composition (20) . Apparently corresponding with this stoichiometry of the subunit composition, the two-peaked rhythms of fibrinogen genes were synchronized. In constant darkness, the second peak of daily rhythms of fibrinogen genes disappeared, while the first peak was almost intact. In human (21) and rat (22) , the three fibrinogen genes were shown to be clustered on chromosome 4 (4q31) and chromosome 2 (2q31-34), respectively, which is also the case for mouse chromosome 3 (3 E3-F1) as confirmed by the genome sequence (23) . Candidate sequence elements for the rhythmic regulation were mapped in the mouse and human loci of the fibrinogen gene cluster. mM sodium citrate), and 0.3% SDS at 65 ˚C overnight under humidified condition. Washing was done twice for 5 min with 2 × SSC/0.1% SDS at room temperature, twice for 5 min with 0.2 × SSC/0.1% SDS at 40 ˚C, and followed by rinse with 0.2 × SSC. The fluorescent images were scanned with a laser-scanning device (ScanArray4000, GSI Lumonics, Bedford, MA).
Northern Blot Analysis-Total liver RNA and sense strand cRNA amplified from poly(A) + RNA were subjected to Northern analysis. The detailed procedure for cRNA amplification will be described elsewhere. Briefly, double-stranded cDNA synthesized from poly(A) + RNA absorbed on the oligo(dT) beads was ligated with the T7 promoter adaptor, and heat-denatured, liberating the sense strand cDNA, which was again converted to double-stranded form priming from the oligo(dT) linker, amplified with PCR using as primers known sequences of both ends, and then subjected to synthesis of sense strand cRNA with T7 RNA polymerase. RNAs were electrophoresed in denaturing formaldehyde-agarose (1%) gels, visualized by ethidium bromide staining to check integrity and equal loading, and then blotted onto nylon membranes. DIG-labeled RNA probes were synthesized using a transcription kit (Roche Diagnostics, Mannheim, Germany) from cDNAs subcloned in the plasmid pGEM-3Zf(+). Hybridization, washing and chemiluminescent detection on X-ray films were done as recommended by Roche Diagnostics. Densitometric quantification was performed by using Personal Scanning Image PDSI (Molecular Dynamics, Sunnyvale, CA).
Western Blot Analysis-Whole blood was collected from the inferior vena cava of mice with heparinized syringes and tubes, and subjected to immunodetection of fibrinogen subunits essentially as described (26 
RESULTS AND DISCUSSION

cDNA Microarray Analysis of Day/Night Gene Expression in the Mouse
Liver-Microarray analysis was carried out to detect differentially expressed genes between light (ZT6) and dark (ZT18) phases. We used an in-house microarray (24) containing about 2,300 mouse liver cDNA clones. Poly(A) + RNAs derived from the liver at ZT6 and ZT18 in duplicate were subjected to Cy3-and Cy5-labeling, respectively, coupled with cDNA synthesis. Both labeled cDNAs were mixed in an equal amount, and hybridized with a microarray.
Labeling vice versa with Cy3 and Cy5 was also done to correct a possible difference in incorporation efficiency of these dyes. Tables I and II represent lists for genes that showed the higher mRNA levels at ZT6 and ZT18, respectively, at least 1.5-fold in all four experiments of the microarray analysis. Remarkably, genes for all three fibrinogen subunits Aα, Bβ and γ showed the higher expression at ZT6 (Table I) . It is also noteworthy that a number of genes possibly involved in gene expression ranging from transcription to protein transport showed the higher expression at ZT18 (Table I) : Spot14 is a putative transcriptional regulator (27, 28) and leucine zipper protein 1 is a basic protein localized in the nucleus (29) ; heat shock 70-kD protein 8 (Hspa8), heat shock 70-kD protein 5 (Hspa5) (78-kD glucose-regulated protein) and heat shock protein 84-kD 1 (Hsp84-1) are molecular chaperones (30) ; and peroxisome biogenesis factor 7 is involved in posttranslational protein transport into the organelle (31, 32) . Seemingly, these genes are involved in synthesis and delivery of proteins in a dark phase-specific manner.
To confirm the validity of the microarray analysis, we performed Northern analysis for six genes, i.e. two and four genes that showed the higher expression at ZT6 and ZT18, respectively, more than two-fold in all four experiments. Total liver RNAs at ZT6 and ZT18 in duplicate were subjected to the blot analysis (Fig.   1A ). Concordant with the results of the microarray analysis, mRNA levels for 3β-hydroxy-∆ 5 -C 27 -steroid oxidoreductase (3β-HSD) (33) and GABA(A) receptorassociated protein-like 1 (Gabarapl1) (34) were higher at ZT6 than ZT18, and those for Spot14, Hspa8, Hspa5 and Hsp84-1 were higher at ZT18 than ZT6. We also performed Northern analysis by using poly(A) + RNA-derived sense strand cRNA (Fig. 1B) , to exclude the possibility that the results obtained with total RNA may reflect daily fluctuation of poly(A) + RNA contents in total RNA.
Again, changes in the gene expression levels detected with the cRNA mixtures were concordant with the results of the microarray analysis for both gene groups each exhibiting the higher expression at ZT6 or ZT18. We concluded that our microarray system successfully revealed genes differentially expressed between light and dark phases.
Genes Exhibiting Rhythmic Expression with a Single Peak-Trough-
Rhythmic patterns of expression of the six genes were examined by Northern analysis with total RNA extracted from the liver of wild-type mice at 4 h intervals in a light-dark cycle. In parallel, we also investigated the mice with Clock mutation that yields a splice variant of a dominant-negative type (35) , to see if the rhythmic expression of the six genes are under the control of oscillation-generating genes. As shown in Fig. 2A , mRNA levels for 3β-HSD and Gabarapl1 in the wild-type mice exhibited day/night rhythm with a peak in the light phase and a trough in the dark phase. In the Clock mutant mice, the rhythmic oscillations of these genes were apparently attenuated, indicating that CLOCK plays a role in the regulation of 3 -Hsd and Gabarapl1 genes. Figure 2B shows the results of similar analysis on Spot14, Hspa8, Hspa5 and Hsp84-1 genes with the higher expression in the dark phase. In the wild-type mice, each mRNA level for these genes showed a peak in the dark phase, and a trough in the light phase. On the other hand, the rhythmic oscillations of the four genes were attenuated or almost completely lost in Clock mutant mice.
Taken together with the results of Fig. 2A , both gene groups each displaying a peak expression in the light or dark phase seem to be under the control of the Clock gene.
Two-peaked Day/Night Rhythms in Expression of Fibrinogen Genes-We
also examined daily changes in expression of genes for fibrinogen subunits by Northern analysis (Fig. 3) . Interestingly, in wild-type mice, mRNA levels for all three fibrinogen subunits Aα, Bβ and γ peaked twice at ZT7 and ZT19 in a day.
The time phase and oscillation amplitude of the two-peaked rhythm were synchronized among the three genes. Since fibrinogen protein in the blood plasma consists of three pairs of each subunit leading to the composition (Aα) 2 (Bβ) 2 γ 2 (20) , synchronization in expression of the subunit genes is suited for maintenance of this stoichiometry. In Clock mutant mice, the rhythmicity appeared to be shifted to the weak single peak-trough pattern for the Aα gene, or almost completely lost for the Bβ and γ genes. Therefore, the two-peaked expression of fibrinogen genes is also likely to be under the control of the Clock gene.
To examine effects of the light-dark cycle and food intake on the daily rhythms of expression of fibrinogen genes, mice were kept in constant darkness and half of them were fasted (Fig. 4) . Mice transferred to constant darkness on Day 1 were subjected to liver excision at 4 h intervals from circadian time (CT) 3 to CT23 on Day 2 (Fig. 4A ) . In Northern analysis for the fibrinogen subunit mRNAs (Fig. 4B, left panels) , the second peak observed in the nighttime under the light-dark condition was not detected in the subjective night under constant darkness. On the other hand, the first peak was almost intact with some prolongation of the peak phase. Therefore, while the first peak in the subjective day is caused mainly by the innate circadian mechanism, the second peak seems to be generated by light stimuli, i.e. lights-on, continuous irradiation, and/or lights-off, most probably by lights-off at least as a component that affects the time phase of the second peak.
Effects of food depletion were also examined, since it is well-known that feeding time profoundly affects the time phases of the liver oscillators (11-13).
Foods were depleted at CT11 on Day 1, just before beginning of the feeding period of nocturnal mice in the subjective night (Fig. 4A ) . Fasting caused shifts of time phases in the expression rhythms of fibrinogen subunit genes (Fig. 4B, right   panels) . Directions of the shifts remain to be determined experimentally, but we assume that forward shifts took place, because fasting brings about forward shifts of the rhythms of mPer1 and mPer2 mRNA levels in the liver 2 . Synchronization of the time phase among the subunit mRNAs seemed to be loosened by the fasting, the reason being remained to be clarified.
Rhythms of protein levels for the fibrinogen subunits in constant darkness were examined by Western analysis with whole blood (Fig. 4C) . When mice were fed ad libitum (left panels), the three subunits exhibited synchronized circadian rhythms with an apparent peak at CT7 and possibly a low peak at CT15.
Compared with the mRNA rhythms (Fig. 4B, left panels) , this is rather an In human, it was demonstrated that plasma fibrinogen concentrations exhibit a day/night rhythm (36) (37) (38) . While the rhythm has been approximated by the cosine curve with a single peak in the early morning (38) , reconsideration of the original data of Ref. (38) suggests the presence of the second peak or a shoulder in the evening. Therefore, human fibrinogen seems to be set to increase rapidly in the morning and persist around the daytime, i.e. a physically active period in human. The peak in the early morning has been implicated in the incidence of arterial ischemic diseases such as myocardial infarction (38) .
Putative Regulatory Elements for Rhythmic Expression of the Fibrinogen
Gene Cluster-The two-peaked rhythmicity suggests that at least two or possibly more transcription factors are involved in daily regulation of the fibrinogen subunit genes. On the other hand, synchronization in expression of subunit genes implies that they share common regulatory mechanisms. We searched for putative cis-regulatory elements interacting with circadian transcription factors in the fibrinogen gene cluster (Fig. 5) . Recent determination of the mouse genome sequence (23) confirmed the presence of the fibrinogen gene cluster, which was predictable from the cytogenetic map (Table I) A number of candidate sequences for each site were found. Exceptionally, only one GRE-like sequence was detected in both mouse and human, and its location is relatively similar between the two species, i.e. around the 3' terminal region of the fibrinogen Bβ gene. Therefore, this putative GRE may be functional and conservatory. Previous studies have proposed the presence of GREs for rat Aα and Bβ genes, but have not identified them (46) . In the 5' flanking region of the γ gene, sequences each resembling the E-box, REV-ERBα site or DBP site seem to be arranged similarly between mouse and human, and may play regulatory roles common to both species. On the other hand, frequencies of the three elements in the whole locus are rather different between the two species, and each frequency in the mouse vs. human locus is as follows [the number in brackets shows the frequency of completely matched sequences]: the E-box, 9 [9] vs. 3 [3] ; the REV-ERBα site, 25 [4] vs. 41 [2] ; and the DBP site, 16 [0] vs. 44 [2] . It is tempting to speculate that relatively high frequencies of the E-box in mouse and the REV-ERBα and DBP sites in human are implicated in species-specific regulations in mouse and human adapted to nocturnal and diurnal activity, respectively. It will be extremely interesting to investigate the roles of these putative cis-elements in two-peaked synchronization in the expression of the fibrinogen gene cluster that is under the control of both innate circadian mechanism and seemingly light-responsive mechanism.
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